Background: Existing estimates of the costs of antimicrobial resistance exhibit broad variability, and the contributing factors are not well understood. This study examines factors that contribute to variation in these estimates. Methods: Studies of the costs of resistant infections (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009) were identified, abstracted, and stated in comparable terms (eg, converted to 2007 U.S. dollars). Linear regressions were conducted to assess how costs incurred by patients with resistant infections versus those incurred by uninfected or susceptible-organism-infected controls varied according to (1) costs incurred by control subjects;
A ntimicrobial resistance is a problem of increasing proportions in hospitals, communities, and long-term care facilities both in the United States and internationally. The prevalence of resistant strains of Staphylococcus aureus, Enterobacter species, and Pseudomonas aeruginosa has now surpassed that of susceptible strains in intensive care settings. 1 In addition to greater morbidity and mortality, resistant infections are also associated with higher treatment costs than susceptible infections. 2, 3 Accurate measures of the cost of resistant infections-both in relation to susceptible infections and in absolute terms-are important for understanding the magnitude of the economic burden of resistance on hospitals, patients, and third-party payers; for evaluating the cost-effectiveness of initiatives to reduce resistance; and for providing guidance to managers and administrators who seek to target resources to this problem. 4 Although many studies have examined the economic costs of antimicrobial-resistant infections, the resulting estimates are wide ranging. One possible explanation for the variation in cost estimates is that the cost of resistance depends on patient characteristics (eg, primary diagnosis, presence of comorbidities, severity of illness, and age) and/or type of care (eg, long-term vs. acute and intensive vs. standard). It is also likely that differences in study methodology contribute to this disparity. Most economic evaluations of the impact of antimicrobial resistance compare the cost of care incurred by patients with antimicrobial-resistant infections (cases) to the cost of care incurred by patients without antimicrobial-resistant infections (controls). Previous reviews have identified several methodological issues to be considered when conducting and interpreting this type of comparative cost analysis. 36, 43, 44 One key factor is selection of the control group; when the control group consists of patients with antimicrobialsusceptible infections in the same body site and with the same organism as cases then the cost difference between cases and controls represents only the cost burden of resistance. However, if the control group consists of patients with no infection then the cost difference includes costs associated with any infection, not just those uniquely caused by resistant organisms. Therefore, the research question dictates the composition of the control group. Other important considerations for control selection are length of stay and severity of illness before infection because these are independent risk factors for acquiring resistant infections that should be adjusted for by matching and/or multivariate modeling. [45] [46] [47] Methods of calculating cost outcomes also vary, making it difficult to interpret cost estimates and to compare them across studies. Cost outcomes can be calculated from the perspective of the hospital (direct cost of care), the patient (cost of medical bills, follow-up, lost wages, and travel), or society (loss of effective treatment for bacterial infections). Even if the study perspective is similar, cost estimates can represent either the total cost of care or only the cost of certain services. Comparisons of costs in studies conducted at different points in time are confounded by the effects of inflation. Comparisons of costs in studies conducted in different countries are complicated by the effects of currency conversion.
Finally, the literature is unclear about how differences in costs between cases and controls arise. These differences could arise because cases incur a fixed additional cost burden (as implied by a difference of means). This would occur if resistant cases required (on average) a particular regimen of additional care (such as specific costly medications and laboratory tests), and this regimen did not vary with the setting of care or the underlying severity of disease. Second, resistant cases could incur additional costs because patients with resistant infections spend additional days in the hospital relative to controls (as would be the case if length of stay drove cost differences). Finally, resistant cases may incur additional costs that vary with the cost of treating the underlying disease itself. This could occur because of differences in the prices of the inputs used to treat these patients or differences in service intensity patterns across hospitals. For example, patients treated for resistant infections in academic medical centers in high cost regions may incur higher costs than otherwise identical patients treated for the same infections in lower cost hospitals. This could also occur if the regimen required for treating resistant infection in severely ill patients is more costly and complex than that required for treating the same infections in less seriously ill patients. These different models may have quite different policy implications. For example, when resistant infections are associated with a fixed increase in expenditures, interventions targeted to low-cost patients may be as cost-effective as those targeted to high-cost patients. Conversely, when the cost of resistance varies with underlying costs, it may be more cost-effective to target interventions to the most costly settings and patients.
Differences in the structure of costs also have implications for estimates of the average or national cost of resistant infections. Averaging resistance costs across studies is appropriate when differences are associated with a fixed increase in expenditures, but not if costs increase with the severity and costliness of treatment provided for the underlying condition.
The purpose of this review is to examine how costs incurred by patients with resistant infections (cases) versus those incurred by noninfected or susceptible-organism-infected control subjects (controls) varied according to (1) costs incurred by control subjects; (2) characteristics of the study population and setting (eg, type of infection, type of care, etc.); (3) methodological characteristics of the study (eg, type of control group, type of matching, method of calculating costs); and (4) length of stay.
METHODS

Search Strategy and Criteria for Inclusion and Exclusion
We conducted a literature review to capture original research articles that measured the costs of antibiotic-resistant infections at the patient level using a control group of either patients infected with antibiotic-susceptible organisms or uninfected patients. The search was performed in PubMed using the search term "'cost' and 'resistant' and 'infection'" and responses were limited to articles published in English between January 1, 1995 and November 15, 2009 . References, citing articles, and "related articles" identified by PubMed were also considered for inclusion. Meta-analyses, studies of aggregate costs to healthcare facilities, evaluations of cost-saving interventions, studies that measured only the costs of antibiotic treatment, and studies in which the case group consisted exclusively of patients infected with organisms that were initially susceptible to antibiotics (ie, resistance emerged during the course of treatment) were excluded. We included all studies that reported on drug-resistant organisms, regardless of how resistance was defined by the study authors.
Identification of Study Characteristics
Each study was reviewed and classified according to method of cost calculation (total hospital stay or postinfection/infection-associated costs only); central measure of cost reported (mean or median); case mix (general, surgical or intensive, which included patients in intensive care, burn, or oncology units, and those receiving hemodialysis for endstage renal disease), infection sites included (bloodstream only or any site/other sites), infecting organisms included (a. S. aureus only, b. Enterococcus only, c. Acinetobacter, Pseudomonas or Enterobacter, or d. all organisms/other organisms), control group type (susceptible infection or no infection), and whether preinfection length of stay and preinfection primary or secondary diagnoses and/or severity of illness were adjusted for by matching or multivariable modeling. Total sample size and average length of stay for case and control groups were also collected from each article.
Selection and Adjustment of Cost Data
Estimates of the mean costs incurred by patients with resistant infections (cases) and by patients without resistant infections (controls, who were either infected with susceptible organisms or not infected) were identified within each article. Unadjusted estimates of the difference between mean costs for cases and controls (cost differences) were also collected. Adjusted cost differences derived from multivariable modeling were extracted, if available. Where means were not reported, medians were used. Studies frequently report medians (rather than means) because healthcare costs are often skewed to the right. If more than one control group was used (ie, resistant vs. susceptible infection and resistant vs. no infection), the susceptible infection group was included in our analysis. In studies that reported multiple cost outcomes, we selected the mean total cost of hospitalization, if available. Where daily costs were reported, we estimated the total cost for cases and controls by multiplying the daily cost for that group by the group's average length of stay. For studies conducted within the United States that reported charges billed to patients or third-party payers in lieu of actual costs incurred by the healthcare institution, cost to charge ratios derived from the Healthcare Cost and Utilization Project of the Agency for Healthcare Research and Quality were applied based on geographic region and closest available year. 48 International currencies were converted to U.S. dollars based on the average exchange rate in effect at the time the study was conducted. All costs were converted to 2007 U.S. dollars using the U.S. Department of Labor Bureau of Labor Statistics Consumer Price Index for medical care based on the currency reference year, if provided; otherwise, costs were inflated based on the year in which data were collected. If data collection spanned multiple years, inflated costs were calculated for each year and then averaged.
Data Analysis
We calculated the minimum, 25th percentile, median, 75th percentile, maximum, and mean unadjusted cost estimates for cases and controls. Minimum, maximum, and mean unadjusted cost differences were computed and simple linear regression was used to examine the association between control group costs and cost differences.
Weighted linear regression across studies was used to examine cost differences, controlling for control group costs. Adjusted cost differences were used, if available. Studies were weighted according to sample size. Key characteristics considered were (1) control group costs; (2) method of cost calculation (total hospital costs vs. postinfection or infectionassociated costs); (3) measure of central tendency (mean vs. median); (4) case mix (surgical vs. general, intensive vs. general); (5) infection site (bloodstream infections vs. any site or other sites); (6) infecting organisms (S. aureus vs. any organism or other organism; Enterococcus vs. any organism or other organism; Acinetobacter, Pseudomonas, or Enterobacter vs. any organism or other organism); (7) control group type (susceptible infection vs. no infection); (8) matching or adjusting for preinfection length of stay; and (9) matching or adjusting for preinfection primary or secondary diagnoses and/or severity of illness. In addition to t-tests of the significance of individual characteristics, we conducted F-tests for the combination of cost reporting characteristics (method of cost calculation and measure of central tendency), patient characteristics (case mix, infection site, and infecting organism), and similarity of cases and controls (control group type and matching or adjustment for preinfection length of stay and primary or secondary diagnoses and/or severity of illness) to assess their importance in determining cost difference after controlling for control group costs. For the studies in which length of stay was reported, the same analysis was repeated including the difference in average length of stay between cases and controls. Statistical analyses were conducted in SAS (SAS Institute, Cary, NC).
RESULTS
Our search terms retrieved 914 articles, of which 36 met the inclusion criteria. In addition, 2 articles identified by reference and "related article" review were included. The 38 studies were representative of a broad range of patient populations, both geographically and clinically (Table 1) . Six of the 38 studies (16%) included only surgical patients and 8 (21%) consisted of patients requiring intensive care. Thirteen studies (34%) included only bloodstream infections. Eighteen articles (47%) studied patients with S. aureus, 8 (21%) studied patients with Enterococcus, and 7 (18%) studied patients with Acinetobacter, Pseudomonas or Enterobacter. Eleven studies (29%) used noninfected controls, 24 (63%) controlled for preinfection primary or secondary diagnoses and/or severity of illness, and 14 (37%) controlled for preinfection length of stay. The mean cost estimates for case and control groups were $61,593 and $37,080, respectively. Cost estimates for resistant infections ranged from $2,294 to $259,385-a difference of $257,091-and control group estimates ranged from $1,495 to $132,529 (Fig. 1 ). The mean difference between case and control groups was $24,725 and estimates ranged from $Ϫ27,609 to $126,856 -a range of $154,465.
In the simple linear regression model, control cost estimates were somewhat predictive of unadjusted cost difference estimates (R 2 ϭ 0.12, Fig. 2 ). In the weighted linear regression that does not control for differences in overall length of stay, control cost estimates were strongly and significantly positively associated with adjusted cost difference estimates, after controlling for cost calculation methods, patient and infection characteristics, and similarities between cases and controls (P Ͻ 0.001, Table 2 ). A $1 increase in average control group costs was associated with a $0.45 increase in adjusted cost difference.
Sample and methodological characteristics were important determinants of cost. Controlling for all other factors, cost differences were $15,523 lower if postinfection or infection-associated costs, rather than total costs, were calculated (P ϭ 0.013). The use of median cost estimates, as opposed to mean cost estimates, was associated with a $15,805 increase in the estimated cost difference (P ϭ 0.022). Studies that included only bloodstream infections reported $22,752 higher costs than studies that included any infection site or other infection sites (P ϭ 0.011), and those that included only infection with S. aureus reported $13,827 lower costs than studies that included any organism (P ϭ 0.022). Use of noninfected controls instead of controls with susceptible infections had a coefficient of 17,082, but this only approached significance (P ϭ 0.053). Matching or adjusting for primary or secondary diagnoses and/or severity of illness was associated with a $15,221 decrease in cost difference (P ϭ 0.019). The F-tests for the joint influences of cost reporting characteristics (method of cost calculation and measure of central tendency), patient characteristics (case mix, infection site, infecting organism), and similarity of cases and controls (control group type, matching/adjustment for preinfection length of stay, and diagnoses/severity of illness) were all significant at the ␣ ϭ 0.01 level. In the model that controls for the difference in overall length of stay between cases and controls, this length of stay difference is significantly associated with the adjusted cost difference. Effects of control group costs, method of cost calculation, measure of central tendency, case mix, and matching or adjusting for preinfection length of stay or primary or secondary diagnoses and/or severity of illness remained the same after difference in average length of stay was added to the model. However, effects of infection site, infecting organism, and control group type were no longer significant.
DISCUSSION
In this review, we sought to quantify the effects of patient characteristics, methodological factors, and length of stay on estimates of the difference in average adjusted costs between patients with resistant infections and susceptibleorganism-infected or uninfected controls. Our results reinforce previous findings that cost estimates for resistant infections are extremely divergent, despite adjustments to standardize payer perspective and currency year. Estimates of the costs incurred by control subjects also ranged dramatically, which is consistent with literature that describes the variability of cost estimates for all healthcare-associated infections. 49 Because estimates of the costs incurred by control subjects seem to be the most important drivers of resistant cost estimates, it is not surprising that estimates of the cost of resistance are so inconsistent.
Previous findings have suggested that methodological and case differences are important drivers of differences among cost estimates. 50 Our results are somewhat consistent with this observation; in combination with control group costs, the methodological and patient-level characteristics included in our analysis explained 84% of the variance in cost estimates for resistant infections, whereas control group costs alone only accounted for 12%. The cost difference between patients with resistant infections and patients without resistant infections is greater if uninfected controls are used, compared with controls with susceptible infections; when total costs were used, compared with when postinfection costs were used; when studies did not match cases and controls for length of stay before infection; and when median costs were used, compared with when mean costs were used. Matching or adjusting for severity of illness was not associated with cost difference after adjusting for length of stay. Some differences in case characteristics-infection site and organism, but not case mix-affected cost differences in the model excluding length of stay. However, the significance of many of these methodological and infection factors was reduced after controlling for length of stay, suggesting that these factors affect estimates of the cost of resistant infections primarily through length of stay. The studies examined in this review are representative of a wide variety of methodological techniques and clinical features that may affect cost estimates for episodes of infection and hospitalization more generally. However, our sample of 38 articles may not have been sufficiently large to detect statistically significant associations between these factors and cost. In some cases, we were not able to investigate the effects of different methodologies or clinical characteristics on cost because too few studies reported these factors. For example, only 2 studies focused on respiratory infections and only 3 focused on surgical site infections, so we were unable to evaluate the cost of those infection sites relative to others. It was also impossible to examine the effects of infection source because only 1 study specifically examined community-acquired infections, and many studies did not distinguish between infections of community and healthcare origins. Finally, definitions of antimicrobial resistance have evolved over time for many organisms, but we were unable to take these differences into account because several studies did not report the criteria used to determine resistance. Other potential limitations are the large variances-and, in some instances, small sample sizes-reported in the original articles for many of the cost estimates included in this review. Moreover, the studies considered herein do not reflect the full range of situations in which resistant infection occurs. To the extent that the relationship between costs of infections associated with resistant organisms and control group costs varies with these situations, our study may not be generalizable.
The relationship between control costs and the difference between case and control costs suggests that the adjusted cost difference is associated with the cost of care for the underlying illness. This finding suggests that an accurate assessment of the adjusted cost burden of resistance will have to take into account the distribution of the underlying cost of care. The cost-effectiveness of particular interventions will depend on the cost and performance of the intervention, as well as the costs of resistant infections that are prevented. This finding implies that the costs of resistant infections avoided by interventions will likely be greatest if interventions are targeted to the highest cost populations and settings.
